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Advances in wide 
bandgap technology 
Analytical advances - micro- 
temperature variations 
Most Group III-nitride compound devices are 
still epitaxially grown on hetero-substrates such 
as sapphire, but the development of peak per- 
formance, high frequency and high power 
devices depends on better lattice matched, heat 
conductive substrates and to a large extent on 
the ability to accurately monitor and thereby 
control temperature extremes in an operating 
chip. Martin Kuball from the University of 
Bristol, in cooperation with Trevor Martin and 
Mike Uren (for growth and device design) from 
QinetiQ Ltd., Malvern, described the use of 
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range.Thus, much more detailed temperature 
data for micron and sub-micron gate devices can 
be derived than was previously possible from the 
approximately 10 micron resolution limit avail- 
able from infrared measurements. Micro-Raman 
spectroscopy has also been recently used to 
determine the localized chemical reactions in 
organic light emitting diode active layers. 
In this research,AlGaN/GaN HFET heterostruc- 
ture devices (28nm of AlGaN with 23% of Al on 
1.2 microns of GaN) were grown by MOCVD 
processes in a showerhead-type reactor on both 
sapphire and silicon carbide substrates.The sili- 
con carbide HFET was quite respectable with a 
mobility of 1440cm*/Vs, an ft of 9.8GHz and an 
fmax of 39GHz. Devices on both substrate types 
were analysed by micro-Raman spectroscopy 
using a 3mW 488nm laser spot, with an approxi- 
mate diameter of one micron. Operating under 
DC drain bias voltages of up to 2OV, the HFETs 
were scanned on an XYstage in 0.2 to 2 micron 
steps and their gallium nitride E2-phonon fre- 
quency shifts were recorded with an accuracy of 
better than O.lcm-l wave numbersThese fre- 
quency increments correspond to temperature 
changes of less than 10°C and Fig. 1 provides 
current/voltage plots for the devices with and 
without the laser in operation. Since the sub- 
strates are transparent to the low power, sub- 
bandgap laser radiation, it can be seen from this 
figure that very little change in the readings is 
observed when the laser is activated and that any 
temperature effect related to reading the Raman 
spectra will be minimal.As an additional control, 
the devices were also tested at zero drain bias 
with the laser on, but no laser heating was 
observed. 
Typical temperature map results are shown in 
Figure 2. for an HFET on sapphire with an active 
region layout indicated by the inset, where the 
dimensions are for a 10 micron source-drain gap 
and a 4 micron gate, centered between the 
source and drainAs may be anticipated, the sili- 
con carbide supported device exhibits lower 
device temperatures than does the sapphire 
device, a result presumed to be due to the much 
lower heat conductivity of sapphire (about 
l/lOth the 3.3W per cm per degree Kelvin of sili- 
con carbide). 
At the maximum applied bias levels of 2OV, the 
maximum temperatures for the sapphire support- 
ed devices were in the 180°C range but only 
120°C for the silicon carbide supported device. 
(See Figure 3.) where the calculated power dissi- 
pation is plotted against the device temperature 
and the actual experimental temperatures are 
slightly higher than the theory). Other results 
indicated that substrate heat dissipation, rather 
than the device layout, is the main influence on 
the fmal temperature.The chip temperatures 
were also verified by heating an HFET on a hot 
stage. However, as illustrative as the data is in 
Figure 2., the actual localized in-layer tempera- 
tures will be higher than those measured by this 
method, because the active regions are smaller 
than the actual areas measured by this technique, 
(possibly only 0.04 microns out of a one micron 
layer).Therefore, the local active-region tempera- 
tures were estimated to be up to 12% higher than 
those recorded by this micro-Raman technique. 
This research has shown that for the first time, 
the analysis of micro-Raman spectra has provided 
accurate micron-area comparisons of the device 
temperatures of gallium nitride devices 
(AlGaN/GaN HFETs) grown on sapphire and sili- 
con carbide substrates.The demonstrated active 
region temperatures reinforce the importance of 
heat extraction and dissipation for real devices, 
where local hot spots could ruin both perform- 
ance and lifetime behaviour. In the future this 
micro-Raman technique should be a valuable tool 
for the analysis of both developmental and com- 
mercial high power devices. 
Other substrate comparisons 
In other substrate comparisons, Wayne Johnson 
from the University of Florida, part of a large 
cooperating team (Yale University, Sandia 
National Laboratories, Agere Systems and TDI 
Inc.) reported on the DC performance of 
Figure 2. Typical temperature 
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AlGaN/GaN high electron mobility transistors 
(HEMTs) grown side by side on sapphire and on 
an aluminium nitride template deposited on sili- 
con carbide (6-H on-axis). In efforts to reduce 
the lattice mismatch to silicon carbide, an insulat- 
ing aluminium nitride template (- 100nm) was 
deposited on the silicon face by hydride vapour 
phase epitaxy. Both substrate-types then received 
a thin aluminium nitride buffer layer followed by 
the MOCVD growth of the active layers at 
1040”C.The structure diagram is shown in Figure 
4. It is interesting to note that the device mobili- 
ty is higher for the device layers grown on sap- 
phire, even though the defect levels are lower for 
the silicon carbide grown device. 
Wayne and his team also found higher transcon- 
ductances from the sapphire based HEMTs, 200 
versus 135mS/mm (for the larger gate devices), 
although this difference was thought to be due 
to non-optlmisation of the growth process for 
the nitride templates.The transconductance does 
fall off faster for sapphire substrates as the self- 
heating effect and the junction temperatures 
increase with increased drain-source voltages up 
Figure 3. Calculated power 
dissipation is plotted against 
to 40V (see the normalized data in Figure 5.) but the device temperature. 
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Figure 4. Structure diagram both substrate tvnes retain about 50% of their 
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transconductance at 300°C. Normalised drain 
subs&& (Johnson et al.). currents are shown in Figure 6. for 0.25 micron 
gate lengths, with slightly higher absolute values 
prevailing for the sapphire devices. 
Apart from the inability of the sapphire-based 
devices to pinch off above 25°C they saw little 
difference in performance between the two sub 
strate types indicating the ability of the sapphire 
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HEMTs to operate at high temperatures. 
However, the AlN/SiC substrates had good pinch- 
off characteristics for all the temperatures tested 
up to 300°C and showed little in the way of self- 
heating effects. On the other hand, the indication 
may be that the use of a thin aluminium nitride 
template may have little beneficial effect on the 
lattice mismatch between silicon carbide and 
AlGaN and also on the comparative heat loss 
between the two substrate types. 
Operating temperature determinations were also 
reported for aluminium gallium nitride lasers on 
silicon carbide by V Ktimmler from Osram Opto 
Semiconductors.The AlGaN ridge lasers (see 
Figure 7. for the design) were MOCVD grown on 
high conductivity substrates and packaged with 
different heat sink capabilities.This laser design 
produced the lowest CW threshold currents for 
Osram, of 9.7kA.cm2, in anticipation of lower 
active layer heating effects and longer operating 
lifetimes. For a 15% indium QW-composition, the 
CW lasing wavelength was 410.4nm with a tem- 
perature wavelength-sensitivity of 0.058nm per 
“K. CW active layer temperatures were deter- 
mined by the time to failure and FEM modeling 
of heat spreading in a ridge wave guide.A tem- 
perature difference of 20°C was found between 
p-side down mounting (80°C) and bottom con- 
tact mounting with the p-side up (lOO”C), with 
the heat sink being maintained at 25°C in both 
cases.At 1mW optical lasing powers, the active 
layer heating caused the p-side down laser to 
cease operation after two minutes whereas the 
reverse mounting, with the heat sink being on 
the opposite side of the chip from the ridge, last- 
ed only 25 seconds. 
Silicon substrates 
The evaluation of silicon as a high quality, low 
cost substrate for volume compound semicon- 
ductor applications is at least a 25 year saga and 
still continues even though special hetero-epitax- 
ial processes are needed and it is no longer a 
high priority issue for gallium arsenide. Gallium 
nitride device fabrication has become the latest 
materials system to continue the quest for silicon 
substrate usage, again for the obvious reasons; 
cheap, large and quality substrates plus good 
thermal and electrical properties.Various tech- 
niques for epitaxial layer growth are being evalu- 
ated, including the use of buffer layers, high 
dielectric constant oxide inter-layers, carbide lay- 
ers, stand off layers and some claims of no inter- 
face layers at all. 
Strong support for the use of gallium nitride on 
‘silicon’ growth technology comes from 
Nitronex, which has licensed a pendeo epitaxy 
process from North Carolina State University and 
is offering commercial gallium nitride electronic 
devices manufactured on 4” silicon substrates. 
However, because layer cracking may still be a 
problem with the pendeo process, the Nitronex 
devices are probably being made on SIMOX 
(oxygen implanted silicon) substrates, an addi- 
tional claim in the US Patent No. 6,255,198. 
Other gallium nitride on silicon research has 
been reported and the use of silicon for gallium 
nitride device growth appears to be more suc- 
cessful that it has been for gallium arsenide. 
Thus,Armin Dadgar, from the University of 
Magdeburg, described the latest work from his 
Laboratory, including the production of crack 
free nitride epilayers and blue gallium nitride 
LEDs on (111) SiliconAlthough the benefits of 
hetero-growth on silicon have been widely pro- 
moted over the years, the growth of gallium 
nitride still creates technical problems, that may 
parallel other hetero- and non-lattice matched 
epitaxy.These would include the potential for 
cracking, defect generation, expansion mismatch 
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and interlayer stress build up.The Magdeburg figure 7. Structure of AlCaN 
ridge lasers developed by 
Kiimmler et al. team investigated two layer growth variations to 
offset these problems for LED fabrication.They 
were a) patterning of the substrates with mesa 
type structures followed by graded AlGaN/GaN 
superlattices to control crack formation and/or 
location and b) low temperature stress compen- 
sating layers plus a silicon nitride masking layer 
for LEDs grown on planar (111) silicon. 
For devices grown on a mesa structure (surface 
patterning), grooves were etched on (111) sili- 
con wafers, followed by the deposition of an 
aluminium nitride buffer, and the growth of a 
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(Dadgar et al.) 
15 period GaN/AlGaN graded superlattice, and 
finally the deposition of gallium nitride (all these 
layers were n-doped with silicon).To form the 
active device region three lnGaN/GaN quantum 
wells were grown which were followed by the p- 
doped layers, (magnesium doped AlGaN plus a 
GaN capping layer), see Figure 8. For the LEDs 
grown on planar ndoped (111) silicon wafers, a 
simple MOCVD procedure was developed.An 
Figure 9. A thin GaN layer; a 
silicon nitride masking layer 
and a GaN spacer were 
grown. 
Figure 10. To complete the 
LED structure, the we/is 
received a Mg-doped AlGaN 
layer and a p-doped GaN cap. 
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aluminium nitride buffer layer was grown fol- 
lowed by a pair of gallium nitride and low tem- 
perature aluminium nitride stress reducing lay- 
ers.To prepare for the deposition of the five peri- 
od lnGaN/GaN quantum wells, a thin gallium 
nitride layer, a silicon nitride masking layer to 
improve the material quality and a gallium 
nitride spacer were grown (see Figure 9.). All 
were silicon doped except for the masking layer. 
To complete the LED structure, the wells ’ 
received a magnesium doped AlGaN layer and a 
p-doped gallium nitride cap (similar to a), as 
shown in Figure 10. 
The LEDs produced by either method were of 
‘high quality’ with light outputs in the 150 
microwatt range at 2OrnA forward currents, 
which are good for first time evaluation of blue 
nitride-LEDs on siliconWhen compared with the 
commercial blue LEDs on sapphire or silicon car- 
bide, this light output is low but, even the low 
output of these LEDs would still be sufficient for 
lamps and other low power blue LED applica- 
tions. Optimisation of device layer growth to 
reduce the on-resistance of the vertically contact- 
ed LEDs could improve the light output, but light 
absorption in the silicon substrate also reduces 
their performance and may be a more difficult 
problem to solve. 
Gallium nitride substrates 
Strong interest continues into Group Ill-nitride 
epitaxial substrates and SALT again reported on 
their progress, with defect densities slowly 
decreasing with increasing thickness up to 1000 
microns. Etch pit densities are 6x10~ and the dark 
spot density, believed to be related to the epd, 
were determined by photoluminescence are 
5x106.The growth of gallium nitride on sapphire 
produces slightly convex wafers. However, even 
though the growth of gallium nitride on the HVPE 
GaN is homoepitaxy, flat wafers are not usudi) 
produced.The free standing wafers are concave, 
with a radius of about one metre.The best HVPE 
substrates require the removal of about 5OOA 
from the surface by an IUE process to produce 
their crack-free epitaxial quality substrates. 
Aluminium nitride substrates 
Interest continues in aluminium nitride as 
an alternative growth substrate for gallium 
and other Ill-nitrides and several processes 
were described at this meeting.Tomohiko 
Shibata from NGK, in cooperation with Mie 
University, described the growth of aluminium 
nitride by a MOVPE process on 2” c-plane sap- 
phire.The growth of ‘high quality’ one to two 
micron thick, crack-free, atomically flat, nitride 
layers was reported without the use of a buffer 
layer, although the defect levels were rather 
high (109 to lOlo) when compared with other 
nitride wafers. Because gallium nitride grown 
on aluminium nitride results in compressive 
stress, dislocations are expected to bend and 
result in lower defect levels as thick epi-layers 
are grown on this material. 
Bulk ahtminium nitride growth, funded by NRL, 
was reported by Raoul S&lesser from NCSU.‘Ihe 
growth reactor was a boron nitride tube, which 
used a graphite heater to attain reactor tempera- 
tures 1800 to 2400°C range.Various nitrogen pres- 
sures (in the 100 to 760 torr range) and flow rates 
(zero to one standard litres per minute) were 
investigated.Typical growth conditions reacted 
aluminium and nitrogen under ‘quasi stagnant’ 
conditions, with a temperature gradient of 5°C 
per millimetre. Above 2 150°C plates of aluminium 
nitride were deposited in the cooler regionsThe 
fastest growth in the c-plane direction occurred at 
slightly higher temperatures (2200 to 2300°C). 
After polishing, crystals with low defect densities 
(less than lo* per cma) were obtained, with typi- 
cal FWHMs of 25 arc seconds.The impurity levels 
for these crystals are being determined and will 
be reported in the near future. 
In our spring MRS report (September 2001 
issue), we stated that Leo Schowalter presented 
the Crystal IS paper on aluminium nitride sub- 
strates, however, Carios Rojo was the speaker. 
Progress continues and Crystal IS appears to be 
closer to its goal of achieving 2” AIN polished 
substrates by the end of this year. High quality 
one-centimetre substrates are available in devel- 
opment quantities made from 15 mm diameter x 
2cm boules, which, although they were single 
crystal when grown, crack during the cooling 
process.This unfortunately leaves smaller sec- 
tions of ingots for slicing and polishing, see 
Figure 11. 
The latest AIN crystals are grown a little slower 
(-0.5mm/hr) than previously reported and pos- 
sess relatively low defect levels, with significant 
areas being below lo* per cm2.These quality, 
bulk AlN substrates have also been measured for 
thermal conductivity by Fred Pollak’s group at 
Broolyn College, SUNY, using the scanning 
thermal microscope. Their AlN conductivity 
Figure 11. A/N substrates 
was found to be 3.4 f 0.2 (watts per cm per K>, 
the highest value recorded for any bulk nitride 
to date.This bulk AlN is insulating (-1012 ohm- 
cm) as grown and therefore not suitable for all 
devices, but its close lattice and expansion 
match to gallium nitride, plus most of its alloys, 
and its low defect levels should improve the 
quality of nitride epitaxy for many devices. 
Additionally, surface orientations other than c- 
plane, are now possible and AlN’s high thermal 
conductivity may be very beneficial for the 
growth of many RF and other high power 
devices.This work has placed Crystal IS 
among the world leaders in the development 
of quality, bulk aluminium nitride substrates 
for future III-nitride epitaxy. It was in part 
supported by the offices of AFRL, BMDO and 
ONR, monitored by Cole Litton at AFRL and 
Colin Wood at ONR. 
Amorphous gallium nitride 
for ozone detection 
In the interest of fabricating low cost gallium 
nitride UV detectors to monitor the hole in the 
Antarctic ozone layer (which sometimes drifts 
over New Zealand),Annette McIvor from 
Victoria University, Wellington, described the 
ion assisted deposition of amorphous gallium 
nitride on several substrates, including glass, 
quartz, stainless steel, and Mylar.The ‘as grown’ 
films were resistive and transparent and 
believed to be amorphous gallium nitride with 
a broad photoluminescence centered around 
the 530nm wavelength.The bandgap of the 
deposited layers was estimated to be 3eV com- 
pared to 3.4 eV for crystalline gallium nitride. 
Some areas of the films appeared to be 
nanocrystalline and some polycrystalline, but all 
the films bonded well to their substrates, with 
the main film impurities being oxygen and car- 
bon.The initial detectors on quartz were 0.4 to 
0.15mm in size. It is hoped to increase photo- 
conductivity by a factor of four and make 10 x 
10 cm areas available for detector production, 
as process development continues. 
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